Abstract-
tracker, integrated in the beam-line elements and mechanically separated from the other parts of BABAR. The harshness of the background conditions in the interaction region required several studies on the radiation damage of the sensors and the front-end chips, whose results are presented. Over the next five years the luminosity is predicted to increase by a factor three, leading to radiation and occupancy levels significantly exceeding the detector design. Extrapolation of future radiation doses and occupancies is shown together with the expected detector performance and lifetime. Upgrade scenarios to deal with the increased luminosity and backgrounds are discussed.
Index Terms-Silicon detector, radiation damage.
I. INTRODUCTION
T HE BABAR experiment [1] at the PEP-II e + e − storage ring is designed to primarily measure CP violation in the BB system and to over-constrain the CKM matrix. Many of these measurements require a precise measurement of the difference between the decay times of the two B mesons. The BB pairs are produced in Υ(4S) meson decays and in order to separate the two B decays, the Υ(4S) meson is given a boost of βγ = 0.56 in the lab frame by having asymmetric beam energies. This gives an average 280 µm separation of the B decay vertices.
Precision measurements of CP violation require large amounts of B decays and PEP-II has therefore been designed to deliver high luminosities (10 33 -10 34 cm −2 s −1 ). The high luminosities are associated with relatively high radiation doses and the BABAR Silicon Vertex Tracker (SVT) is therefore designed to not only provide excellent vertex resolution, but also be radiation hard. Both the luminosity and radiation doses have however exceeded design and are projected to continue to rise over the next five years. Considerable effort have gone into understanding the future performance and radiation limitations of the existing system and whether any replacement will be needed. We will report on these studies here. 
II. THE BABAR SILICON VERTEX TRACKER
The SVT has two tasks. First, B and D decay vertices have to be accurately reconstructed in order to measure the difference in decay length, ∆z, between the two B mesons. With the design ∆z resolution of 130 µm, the precision of a CP violation measurement is only 10% worse than with a perfect ∆z measurement. Achieving this ∆z resolution requires a single vertex resolution better than 80 µm. Second, low transverse-momentum (p T < 120 MeV/c) particles, such as pions from D * decays, do not fully traverse the main BABAR tracking chamber and therefore have to be reconstructed in the SVT alone.
The SVT design [2] , [3] accomplishes these goals by having five layers of double sided, AC-coupled silicon micro-strip detectors in a concentric configuration around the beam pipe as shown in Fig. 1 . Each layer is built from 6 to 18 modules, where each module itself consists of several 300 µm thick silicon detectors glued together. The modules are mechanically supported by Kevlar/carbon-fiber along the modules, while the detector signals are carried by flexible fanout circuits to the front-end electronics located at both ends of each module. The readout of a single module is divided into four so-called readout sections. The strips on the two sides of a modules are perpendicular and provide a z and r-φ measurement. The three inner layers are planar, located very close to the interaction point and have a readout pitch of 50 to 110 µm. This provides the resolution in track angle and impact parameter measurements needed to get a precise vertex determination. The two outer layers are of most importance to the track finding, particularly for low momentum particles. The silicon detectors at the end of layer 4 and 5 modules are at an angle to the beam pipe in order to provide the largest possible angular acceptance, while reducing the amount of material traversed by low-angle tracks. The polar angle acceptance is 20
• < θ < 150
• and is mainly constrained by the design of the PEP-II interaction region.
More than 150,000 silicon strips are read out using a fully custom-designed chip, known as AToM [4] , located at both ends and sides of each module. Each AToM chip is capable of simultaneous acquisition, digitization, and sparsified readout of 128 channels. The linear analog section consists of a charge sensitive preamplifier, followed by a shaper. The output signal is compared to a programmable threshold producing a logic pulse whose width (Time over Threshold, ToT) is approximately proportional to the logarithm of the collected charge. The logic pulse is digitized at 15 MHz and stored into a latency buffer.
Upon a Level-1 trigger signal, a 1 µs window in the buffer is searched for the first hit. For channels with a hit, the ToT and hit time in the buffer is transmitted to the data acquisition system.
III. PERFORMANCE AND ALIGNMENT
Of the 208 readout sections in the SVT, nine failed during or right after their installation in 1999. During a shutdown in 2002, four of the failures were identified as slipped connectors and fixed. No readout section has failed during running due to radiation damage or otherwise.
The hit efficiency is measured by counting hits on tracks passing through the active area of the silicon sensors. Excluding the five broken readout sections, the average hit efficiency is 97%, which includes inefficiencies due to broken capacitors and dead channels in the AToM chips. The SVT hit resolution is measured using high momentum tracks in two-prong events. For tracks with a 90
• incidence angle to the silicon modules, the hit resolution is 10 to 15 µm in the inner three layers and 30 to 40 µm for the outer two layers. With this, the SVT achieves its design of an average vertex resolution of better than 80 µm. The ∆z resolution is 190 µm, dominated by uncertainties in inclusively reconstructing one of the two B vertices.
Tracking efficiencies for low momentum particles, where the SVT contribution is essential, have been studied in data using slow pions from D * ± decays. These studies give an tracking efficiency above 75% for momentum above 100 MeV/c and above 90% for momentum above 200 MeV/c.
The deposited charge measured by the TOT mechanism gives a reasonable ionization loss measurement, dE/dx, when averaged over hits in all five layers. Using a 60% truncated mean, the dE/dx resolution on minimum ionizing particles is approximately 14%. For low momentum tracks this can be used for particle identification. We achieve better than 2σ separation between kaons and pions with momentum below 500 MeV/c and between kaons and protons below 1 GeV/c. To achieve the SVT performance given above, the SVT needs to be carefully aligned. In BABAR this involves two separate procedures. First, the internal alignment of the SVT and second, the global alignment of the SVT with respect to the rest of the detector. The internal alignment determines the location and orientation of the 340 individual silicon wafers in the SVT. Furthermore, it has been found that the inner layers are not perfectly planar and an additional parameter is used to describe the bending of the wafers in those layers. To determine the alignment parameters, tracks from several classes of events are used: di-muon event, cosmic events, high-p T tracks and tracks through overlapping SVT modules. The alignment procedure minimizes the χ 2 calculated from hit residuals and track fit errors. A further constraint is the results of an optical survey of the individual modules performed during the assembly of the SVT. The internal alignment is typically updated every 1 to 2 months. The global alignment treats the SVT as a rigid body and aligns it with respect to the main tracking chamber. This procedure is much simpler, but needs to be done every hour as the SVT have diurnal movements. and achieving an instantaneous luminosity in excess of 9 × 10 33 cm −2 s −1 , three times the design value. However the radiation backgrounds have also been higher than foreseen. The total radiation dose over the full lifetime of BABAR was not expected to exceed 2 Mrad, but certain parts of the detector have already received a higher dose. The inner layers naturally absorb the most dose and due to the design of the interaction region, the radiation is concentrated in a 1 cm wide band in the horizontal. Away from the horizontal band, the radiation levels are up to a factor 10 lower at the same radius.
Given that BABAR is expected to continue data taking until 2009 with ever increasing luminosities and thus radiation doses, the SVT group has performed extensive radiation tests to determine the lifetime of the SVT. Of particular concern was the possibility of a partial replacement of damaged modules in 2005. Both the silicon modules themselves and the front-end electronics was tested for radiation hardness. The results of this are reported below.
A. Silicon Module Studies
PEP-II is an e + e − collider and the vast majority of the radiation dose in the SVT is therefore electromagnetic in nature. Consequently all SVT radiation studies have been performed with either electron beams or gamma rays. For the silicon modules, the concern is bulk damage and the irradiations [5] have therefore been performed with 0.9 GeV and 3 GeV electron beams at Elettra (Trieste) and SLAC, respectively. Irradiation was done in several steps up to a total dose of 10 Mrad. The bulk damage is observed as an increased leakage current, changes in the depletion voltage and decreased charge collection efficiency. The increase in leakage current causes an increase in noise which scales as the square root of the channel current. During radiation tests a linear increase of 2 µA/cm 2 /Mrad at 23 • C was observed. This is consistent with increases measured in the installed modules.
The depletion voltage was measured by measuring interstrip capacitance and charge collection efficiency as a function of the applied bias voltage. Initially the depletion voltage dropped until a dose of 3 ± 1 Mrad was reached at which point type-inversion occurred and the depletion voltage started to increase again. The electrical properties of the modules (edge currents, inter-strip capacitance and insulation between the pstrips) did not change significantly after the type-inversion, showing that the detector can still be operated after that point. Even after 10 Mrad, the depletion voltage is below 70 V, giving us confidence that we will continue to be able to fully deplete the heavily irradiated modules.
The charge collection efficiency was determined by illuminating parts of a module with a light emitting diode at a penetrating wavelength (λ = 1060 nm). The detector response as a function of the light intensity was measured before and after irradiation, giving a precise measurement of the change in charge collection efficiency for each read out channel. The average drop in charge collection efficiency was 1 %/Mrad.
B. Front-End Electronics
A set of AToM chips connected in a half-module, similar to installed ones, were irradiated with 1 MeV γ-rays from 60 Co sources at SLAC and LBL. The chips were powered and supplied with an external clock signal during irradiation and continued to work throughout the irradiation. The irradiation continued up until 5 Mrad. The electronics noise was observed to increase by 15 to 20 %/Mrad, while the gain decreased by about 4 %/Mrad. Noise and gain measurements for the installed SVT modules over the last five years show comparable changes in gain and noise levels. Recently AToM chips have been irradiated with a narrow electron beam up to 10 Mrad in an effort to further understand the pedestal change described in the next section. Again comparable noise and gain changes were measured with no digital failures.
C. Unforeseen Effects
Despite the extensive tests several unexpected radiation related effects were observed in the installed detector. Fortunately the SVT was designed with sufficient flexibility that we could work around the effects with essentially no loss in detector efficiency.
After an accumulated dose of about 1 Mrad, we measured an increase in the pedestal of the signal into the comparator in the AToM, requiring an increased threshold level in order to keep the noise occupancy at a reasonable low level. The increase was first observed in the readout channels exposed to the highest amount of radiation, but other channels followed as soon as their accumulated dose reached about 1 Mrad. This is illustrated in Fig. 2 which shows the measured pedestal versus the radiation dose in the most irradiated channels. The readout channels in the AToM chip are geometrically offset in azimuth with respect to the silicon strips, showing that it is the most irradiated readout channel, not silicon strip which changes first. From this we conclude that the radiation damage is in the AToM chip itself. The pedestal continues to rise until an additional 400 krad of dose has been accumulated, after which it starts to fall back toward its original value. The pedestals peak at roughly half the dynamic range of the threshold DAC, corresponding to roughly 1 fC. This effect is qualitatively understood as an imbalance in the comparator circuit caused by the non-uniform irradiation. After sufficient irradiation the balance slowly gets restored. The effect did not show up in the initial irradiation tests with 60 Co as that had a uniform radiation field. Subsequent radiation tests [6] with a narrow electron beam reproduced the pedestal shift. Operationally the noise is kept under control by increasing the threshold used in the readout. However this can only be set on a chip-by-chip basis leading to an inefficiency for small charges in channels, where the pedestal has not yet increased. A procedure has devised which selects the optimal threshold Fig. 2 .
Pedestals averaged over groups of eight readout channels versus radiation dose averaged over the most irradiated channels. One THRDAC count corresponds to a charge of 0.05 fC.
for each chip balancing the inefficiencies from noise occupancy and minimum charge requirement. The thresholds need to be re-optimized about every two months.
A second effect has occurred more recently. Starting in March 2004, the leakage current in several layer four modules suddenly started to increase from a few µA to hundreds of µA over a period of three months. At such a high current level, the occupancy is increased significantly due to noise, resulting in a hit efficiency loss. In the same period no significant leakage increase was observed in any of the inner layers, which receive higher radiation levels, and thus it could not be caused by radiation damage to the silicon bulk. However, the leakage current would only increase during time periods with both radiation and a fully biased detector. If either of the two conditions were not satisfied, the leakage current would drop at roughly the same rate it had been increasing. Eventually the rate of increase in leakage current was found to depend on the voltage difference between layer four and five. Normally the outer p-side of a layer four module is at −20 V, while the inner n-side of a layer five module is at +20 V giving a +40 V voltage gap. Reducing the voltage gap to 0 V caused the leakage current to drop again with no detrimental effect on the SVT performance.
This curious effect is believed to be caused by static charge accumulation. Ions are produced in the gap between layer four and five by radiation and accumulates on the SiO 2 passivation layer on the p-side of layer four. The accumulated charge increases the field at the edge of the p + -implant junction, eventually causing junction breakdown with increased leakage current as a result. The effect of accumulated charge has been qualitatively understood in simulation and in lab tests with ionized air. Only layer four is affected due to its particular configuration of p-and n-sides with respected to the other layers. The effect was not observed before, because in the past SVT was normally unbiased for about 10 minutes every hour in order to refill the storage ring. Fig. 3 . Individual noise components and total predicted noise versus radiation dose. Also shown is the signal-to-noise ratio taking into account efficiency losses.
injection and the SVT can stay biased for many hours at a time and thus not allowing accumulated charge to dissipate. By keeping the voltage gap low, we have successfully remedied the high leakage currents, which are now all below 50 µA, and are not expected to cause problems in the future.
D. Expected Performance
Based on the radiation studies described above, the expected noise levels as a function of radiation dose is shown in Fig. 3 . The degradation of the front-end electronics is seen to dominate. In the same figure the signal-to-noise ratio, S/N , is shown taking into account the loss in signal from the chargecollection efficiency and gain losses. At 5 to 6 Mrad of dose, a S/N of 10 is reached, at which point studies shows the detector performance starts to be seriously impacted. Modules are still expected to function after even higher doses, but the 5 to 6 Mrad is a reasonable measure of the expected lifetime of SVT modules.
V. RADIATION AND OCCUPANCY PREDICTIONS
The radiation dose accumulated by the SVT is measured by twelve Silicon PIN-diodes located next to the AToM chips of the innermost layer. Fig. 4 shows the evolution in dose as measured by the four PIN-diodes located in the horizontal plane. Also shown is the doses predicted until 2009. The dose prediction is based on measured dose rates parameterized as a function of beam currents and luminosity together with the predicted future beam currents and luminosity. The beam currents are predicted to increase by 50 to 100%, while the luminosity should go up by a factor three. A significant uncertainty is associated both with the predicted beam currents/luminosity and with the dose rate dependence. By 2006 the first modules are predicted to reach a dose of 5 Mrad, where performance starts to degrade, and by 2009 some areas will have seen more than twice that dose. However, the dose away from the horizontal plane is much lower than 5 Mrad, even by 2009, and in the end only 5 to 10% of the readout channels in the two inner layers are expected to be significantly affected by radiation damage.
Radiation damage is not the only thing impacting the SVT performance. With increased radiation levels, the hit occupancy from beam backgrounds also increase and can reach a level where the performance is negatively impacted. Background hits can shadow hits from particles coming from physics processes, distort the measured charge and degrade the hit resolution. At very high occupancies the track finding is also affected. The effect of high occupancy has been studied using data recorded under bad background conditions typically caused by high pressure in the beam vacuum system. These studies show a linear decrease in hit efficiency and hit resolution as a function of hit occupancy. At 20% hit occupancy, the hit efficiency is observed to decrease by about 10%, while the hit resolution in the inner layers more than double to about 25 µm. The 20% occupancy is therefore used as a rough limit on tolerable occupancy. Note that the 20% background occupancy is reduced by roughly a factor 3 before the tracking algorithms, by using the time information of the hits.
Similar to the accumulated dose, the future occupancy can be predicted by parameterizing the occupancy as a function of beam currents and luminosity and extrapolating to expected future beam currents and luminosity. The SVT already has a few local spots with background occupancy higher than 20% and by 2009 we expect about 10% of the two innermost layers to be above this limit. There is a high overlap between radiation damaged readout channels and high occupancy channels. It is however not 100% identical due to a geometrical offset of the readout chips with respect to the strips and due to many high occupancy z-strips. The high degree overlap means that it makes little sense to replace the radiation damaged modules with new, identical modules as they will anyway be seriously degraded in performance by high background occupancy.
The impact of a significant degradation in 10% of the inner two layers, have been studied in simulation by disabling varying parts of the modules in the horizontal plane. In many physics channels, such as B 0 → J/ψK 0 S , the reconstruction efficiency drops by just a few percent, while the invariant mass and time resolution is essentially unaffected. The most significant loss observed is in the reconstruction of slow pions from D * decays, which drops by about 10% when 10% of the inner two layers are turned off. These performance losses are judged to be acceptable and the SVT is planned to remain unchanged until 2009.
VI. CONCLUSION
The BABAR SVT has had excellent performance during the last five years and has been an essential part of the BABAR experiment. A few unforeseen problems have arisen, but due to the flexibility of the system, they have been remedied without loss in performance. Over the next five years the luminosity is expected to increase by a factor three, while the radiation dose will increase even more. Extensive radiation studies have therefore been carried out, resulting in an expected SVT module lifetime of about 5 to 6 Mrad. This is significantly better than the original design requirement of 2 Mrad. Extrapolating the accumulated dose to 2009, 5 to 10% of the inner-layer readout channels are expected to exceed the new radiation budget. However most of the high radiation areas will also be performance limited by high occupancy. It has therefore been decided not to exchange any radiation damaged modules. The physics impact from this has been evaluated to be negligible.
